The cemented coal gangue backfill (CGB) in coal mining is normally made of gangue (particle size of 0-15 mm), fly ash, cement, and water. In this study, the effects of the weight content (ranging from 20% to 60%) of fine gangue (0-5 mm) on the microscopic characteristics, resistivity, and compressive strength of CGB were investigated at 3 d and 28 d curing times, respectively. The test results indicate that the strengths of the CGB, regardless of the curing time, increased with fine gangue content changing from 20% up to 40%. Further increase in fine gangue introduced a decrease in the strength. Another observation is that, at 3 days, a general increasing trend of CGB resistivity was noted with fine gangue content. At 28 days, the resistivity of CGB decreased with increase in the fine gangue content. Correlations between the resistivity and compression strength of CGB show a concave pattern, which attribute to the various micromechanism influenced on the resistivity and strength of CGB with different fine gangue content. It indicates that using resistivity to derive strength of CGB is not appropriate.
Introduction
Coal gangue is a solid waste discharged during coal mining and washing processes. The major chemical components of coal gangue are silica (SiO 2 ) and alumina (Al 2 O 3 ), whereas the mineral components are quartz and feldspar [1] . In 2010, the world coal production was 7,273 Mt, with a waste yield of 1,455 Mt [2] . In China, coal gangue has accumulated to an amount of approximately 1,000 Mt, and the coal gangue discharge increases annually by 100 Mt/a. A vast area of land would be required to process such a large quantity of coal gangue, which would also cause serious environmental problems [3] . In addition, coal mining causes surface subsidence in the mining area. Cemented coal gangue backfill (CGB) produced from gangue is one of the solutions to support the overlying strata when transported to the underground goaf through pipelines [4, 5] ; CGB can reduce landfill area requirements and help solve environmental problems.
CGB used for coal mining backfilling is an engineered mixture of milled gangues (75-85% solids by weight), fly ash, hydraulic binder (3-7% of total weight of dry paste), and water. Each component of CGB plays a significant role on its short-and long-term performance (i.e., transportation, placement, strength, and stability) [6, 7] .
Gangue is one of the most important components of CGB for coal mining; this is because crushed gangue exhibits a pozzolanic activity and a certain degree of strength [8] [9] [10] . However, considering the slurry transportation restriction and the compressive properties of the CGB, the maximum particle size of coal gangue is normally 15 mm at maximum. Previous researchers have evaluated the fine gangue (0-5 mm) content on the performance of CGB. According to Zheng et al. [10] , increasing the fine gangue content may enhance the slump and pumpability of the paste. Fall et al. [11] found that fine tailings are not suitable for CGB because they provide much lower strength than CGB made of coarse tailings. The research on use of Na 2 SO 4 as chemical activator for paste backfill was also carried out. Besides, the effect of desliming and pozzolans on paste backfill strength has been recently studied [12, 13] .
The resistivity is an important character of cement matrix. It is related to the microstructure of the matrix (pore structure, porosity, and pore-size distribution). It is also a function of the concentration and mobility of ions in the pore solution 2 Shock and Vibration [14] . In concrete, resistivity was investigated to understand the corrosion resistance and the hydration reaction process [15, 16] . The change in the content of the raw material for concrete changes its resistivity. For instance, a decrease in the water/cement ratio causes an increase in the resistivity [17] . Adding rice husk ash to the concrete increases its resistivity [18] . An increase in the volume fraction of the aggregate facilitates the formation of current transport at the interface between the aggregate and the slurry, which results in an increase in the resistivity [19] . Compared with concrete, fewer studies focus on the resistivity of CGB.
Several authors have discussed the relationship between resistivity and compressive strength of concrete. Wei et al. [20] made several samples with different cements and measured their resistivity at 24 h, as well as the compressive strength at 28 d. They found that there existed a linear relationship between the two couples of values and concluded that the compressive strength and resistivity mainly depended on the pore structure and micromorphology of products, which were influenced by hydration. Lübeck et al. [21] used White Portland cement, ground granulated blastfurnace slag, and Na 2 SO 4 to make different samples with three water-to-binder ratios and discovered that the resistivity and compressive strength with the same binder followed a nearly linear relationship owing to the compactness of the structure irrespective of the concrete saturation degree, together with the pore solution conductivity which imposed the influence on the resistivity. Ferreira and Jalali [22] observed a linear relationship between electrical resistivity and compressive strength for the concrete samples prepared by ordinary Portland cement and fly ash cement, because the variation of compressive strength and electrical resistivity depended on the pore structure and the sample geometry change caused by cement hydration. Ramezanianpour et al. [23] prepared 57 concrete mixtures by Portland cement with some supplementary materials including tuff, pumice, rice husk ash, metakaolin, and silica fume. Interestingly, the compressive strength and resistivity of concrete mixtures prepared with different cementitious materials presented no sensible correlation, because the interfacial transition zone (ITZ) only affected the compressive strength but had no obvious influence on the resistivity of concrete, whereas the chemical composition of the pore solution played an important role in resistivity but had little effect on the compressive strength of concrete.
In this study, the effects of fine gangue content on compressive strength, resistivity, and microstructure of CGB at 3 and 28 days curing times were investigated. Attempts were also made to link the strengths of CGB to the resistivity.
Materials and Methods

Materials
Coal Gangue.
The coal gangue samples were obtained from Xinyang Colliery, which is situated in the west of Shanxi Province of China. The samples were mechanically crushed and then categorized into two groups based on particle size, fine gangue aggregate (0-5 mm), and coarse gangue -2006) , the sieving method was used to determine the particle size distribution of the gangue aggregates (Figure 1(a) ). The fineness modulus of the fine gangue (0-5 mm) was 3.02. Table 1 lists the physical properties of the gangue samples. The X-ray diffraction (XRD) pattern of the mineral composition of the coal gangue samples was collected with a Bruker AXS D8 Advance diffractometer using Cu K radiation (Figure 2(a) ). A Thermo Fisher Scientific Thermo iCAP 6300 inductively coupled plasma optical emission spectrometer (ICP-OES) was used to determine the chemical composition of the gangue samples (Table 1) . time), respectively. The water source used in this study was tap water.
Fly
Sample Preparation and Test Methods
Sample Preparation.
The raw materials used in the present study were ordinary Portland cement, coal gangue, fly ash, and water. The solid content of the paste mixtures was 80% by weight. The CGB samples were divided into five groups based on different fine gangue contents. The gangue content (including both fine and coarse gangues) in each group was constantly 950 kg/m 3 . The fine gangue (0-5 mm) occupied 20% (M1), 30% (M2), 40% (M3), 50% (M4), and 60% (M5) of the gangue (0-15 mm) content in each group, respectively. The detailed mixture is given in Table 2 .
The raw materials were mixed according to the designed mix proportions and then mechanically stirred. Next, the slurry was transferred into 10 × 10 × 10 cm testing moulds. After casting, the specimens were cured in a curing room (temperature: 20 ± 2 ∘ C; humidity: 40%) for periods of 3 and 28 days, respectively. To determine the mechanical strengths and electrical properties of CGB specimens after curing, the compressive strength and resistivity tests on the specimens were performed. After 3 and 28 days, samples were taken from the center of cured CGB specimens and immersed in anhydrous ethanol for 24 h. Then, the samples were put in an oven at a temperature of 105 ∘ C for 16 h for the following microscopic tests.
Compressive Strength and Resistivity Test.
A Wenner dipole array was used to determine the resistivity of the specimens, which were cured for 3 d and 28 d, respectively. The test voltage was 1 V, and the frequency was 100 Hz. Referring to Gowers and Millard [24] , contact resistance was a cause of unstable resistivity. To reduce the effect of contact resistance, copper papers were used as electrodes. A piece of cotton cloth that had been previously immersed in a saturated copper sulphate solution was placed between the copper papers and the specimen. After resistivity tests, the compressive strength tests were performed on the same CGB samples using a computercontrolled mechanical press, which had a load capacity of 1000 kN and a pressure speed of 6.75 kN per minute according to GB50081. All the experiments were carried out in triplicate and the mean resistivity and compressive strength values were presented in the results.
Microscopic Test.
After curing, the CGB particles were subjected to the porosity test using mercury intrusion porosimetry (MIP). A CE Pascal 140/240 porosimeter was used for this test. The CGB particles cured for 3 d and 28 d were ground into powder for the X-ray diffraction test. A field emission transmission electron microscopy (FETEM) unit (JSM-7001F) was used for the microscopic observation of the CGB particles cured for 28 d.
Gangue powder (0-160 m) and fly ash were separately immersed in deionised water. The ratio of water to solid mass was 100 : 1. The solution was stirred using a magnetic stirrer for 10 min and then filtered. An ICP-OES was used to determine the concentrations of major ions in the filtrate.
Solution sample preparation was as follows: after curing for 3 d and 28 d, the processed CGB particles were ground into powder, which was then immersed in deionised water. The ratio of water to solid mass was 100 : 1. The solution was stirred using a magnetic stirrer for 10 min. To prevent the reaction between the particles and water, the solution was filtered. The concentrations of the major ions in the filtrate were immediately measured using the ICP-OES. The testing temperature of the solution was 20 ± 1 ∘ C. The changing trend of the ion concentrations in the material solution was used to determine the changing regularity of the ion concentrations in the pore solution because of the correlation between the two solutions in pH and ion concentration [25, 26] . However, because of the difference in the pore water content caused by different curing times, there were differences between the ion concentrations of the pore solution and the material solution. The pore solution should not be collected using the high-pressure extraction method [27, 28] , because the high pressure could cause the fragmentation of the gangue and the dissolution of active substances.
Results and Discussion
Effects of Fine Gangue Content on Microscopic Properties of CGB.
The hydration and pozzolanic reaction occurred among the minerals in CGB. The hydration products contain hydrated calcium silicate (C-S-H) gel, calcium hydroxide (portlandite Ca(OH) 2 ), AFt (ettringite, etc.), or AFm (monosulphate, etc.) phases. Then, the active Si 4+ Al 3+ Fe 3+ irons, in which gangue and fly ash are enriched, react with portlandite to form AFt or AFm [29] [30] [31] . Figure 3 shows the XRD patterns of the mineral composition of the CGB samples with a fine gangue content of 20-60% cured for 3 d and 28 d, respectively. The diffraction angles of the mineral crystals with different fine gangue contents cured for the same time were approximately the same. However, their intensities differed, which indicated that the change in fine gangue content did not affect the material's mineral composition of the material but the mineral content differed among the samples. The reaction products C-S-H, AFt, and Ca(OH) 2 were detected in the samples that were cured for 3 d (Figure 3(a) ). The peak intensity of Ca(OH) 2 crystals at 52
∘ decreased with the increase in fine gangue content. The decrease in Ca(OH) 2 content in material was related to the consumption of Ca(OH) 2 in the pozzolanic reaction. The increasing fine gangue content led to amplifying the specific contact surface area between the gangue and Ca(OH) 2 . The mineral composition of the samples cured for 28 d (Figure 3(b) ) included C-S-H and AFt. No Ca(OH) 2 crystal was detected in the XRD because of the low cement content and high pozzolanic reaction degree after 28 d of curing time. The peak intensities of C-S-H gel at 22.3 ∘ and AFt phase at 31.8
∘ increased with the increase in fine gangue content, due to the fact that increasing quantity of soluble active irons generates more pozzolanic products content. Figure 4 shows surface morphology of the gangue particles in the CGB samples at 20%, 40%, and 60% fine gangue content. When the fine gangue content was 20%, the surface of gangue was covered by needle-like, columnar, floccuslike, and petal-like pozzolanic products (Figure 4(a) ). When gangue was dissolved in water, active ions (Si 4+ , Al 3+ , and Fe 3+ ) precipitated on the gangue's surface. Then, a pozzolanic reaction occurred between these ions and Ca(OH) 2 , and the products of this reaction accumulated on the surface of the gangue particles. When the fine gangue content was 40% (Figure 4(b) ), the surface of gangue was partially covered by floccus matter, whereas some lamellar minerals were distributed on the surface. When the Ca(OH) 2 content was fixed, the specific surface area of gangue of fine particle size increased, and the generated pozzolanic products could not fully cover the surface of gangue of fine particle size. When the fine gangue content was 60% (Figure 4(c) ), lamellar and granular gangue in its initial form was observed on the surface of particles, which indicated that some minerals on the surface of gangue of fine particle size did not participate in the pozzolanic reaction. With the increase in fine gangue content, the exposed fine gangue minerals in CGB also increased. Figure 5 shows that the porosity of the material cured for 28 d was smaller than that of the material cured for 3 d. Because the hydration and pozzolanic reaction products continuously filled up the pores between the cemented material and the gangue, the overall porosity decreased with the increasing curing time [32, 33] .
The total porosity curve at 3 and 28 days is presented in Figure 5 which clearly showed that fine gangue addition produces less pores. At the fine gangue content between 20% and 40%, the porosity of the CGB samples of 3 and 28 days decreased from 39.97 and 34.34% to 35.28 and 30.16% corresponding to 11.72% and 12.19% losses of porosity. At the fine gangue content between 40% and 60%, the porosity of the CGB samples of 3 and 28 days decreased from 35.28 and 30.16% to 32.91 and 28.30% corresponding to 6.72% and 3.62% losses of porosity. Fine gangue plays double roles during the pozzolanic reaction and pore structure formation processes. The bigger pore space among the coarse gangues is filled with finer gangues. The finer gangue content signified higher reaction degree and is related more to reaction products packing pattern.
Differential distribution curve ( Figure 6 ) is presented in order to estimate and evaluate the pore structure of the CGB at 28 days. With the increase in fine gangue content, the volume of the capillary-size pores in the range of 0-2,000 nm gradually decreased. With the increase in porosity, the number of pores increased, which facilitated the connection of the pore solution. Additionally, a conductive network was formed inside the CGB, which enhanced the current transport capacity of the pore solution. To estimate the critical pore size ( cr ) the differential distribution curve was plotted where the critical pore size corresponds to the diameter that the distribution presents maximum. The critical pore size controls the transmissivity of the material [34] . The critical pore diameter is the most frequently occurring diameter in the interconnected pores that allows maximum percolation of chemical species through the CGB [35] . indicates that as fine gangue content increases critical diameter decreased. This leads to the conclusion that fine gangue addition in CGB produces less interconnected pores in CGB but of the same magnitude. 2− , which originated in the gangue, the dissolution of the fly ash, and the hydrolysis between the hydration and the pozzolanic reaction products [36] . The hydration and the pozzolanic reactions are the primary reactions that occur in CGB. The dissolving and the reacting doses collectively affect the concentrations of the active ions. In the beginning, when the raw materials are mixed, a hydration reaction occurs in the cement. Active ions dissolve out and accumulate on the surface of gangue particles. The dissolving dose is greater than the reacting dose (24 h). When the hydration reaction continues, more Ca(OH) 2 is generated. With the increase in fine gangue content, the specific surface area increases. Therefore, the reaction contact area between Ca(OH) 2 and gangue increases. The concentrations of Ca 2+ , OH − , and active ions decrease. The gel generated from the reaction covers the surface of the particles, which prevents dissolution. At this time, the reacting dose is greater than the dissolving dose after curing for 3 d. After curing for 28 d, the hydration and the pozzolanic reaction level off. The change in the concentrations of the ions is primarily caused by precipitation. Therefore, with the increase in fine gangue content, the specific surface area increases, the quantity of the exposed minerals on the surface of gangue increases, and the number of dissolved ions increases.
Effects of Fine Gangue Content on Compressive Strength of CGB.
Fine gangue content plays an important role in the mechanical behavior of CGB samples. Figure 7 shows the development of mechanical strength of CGB samples produced from 20%-60% fine gangue content at 3-and 28-day curing time. The increase in the strengths of the CGB samples was noted to peak at the fine gangue usage of 40%; thereafter, a trend of decline was apparent, irrespective of curing time. At the fine gangue content between 20% and 40%, the strengths of the CGB samples of 3 and 28 days increased from 1.3 and 5.37 MPa to 1.7 and 5.73 MPa corresponding to 30.8% and 6.7% gains of strength. The reason is that increasing the gangues fineness leads to a lower porosity and more reaction products which reduce the porosity and enhance the bonding formation between the gangue particles. Previous research indicated that the surface texture of the aggregate plays an important role in compressive strength of mortars [37, 38] . The grip between the paste and the aggregate at the interfacial zone will be improved when a rougher texture aggregate is used, thereby leading to an increase in compressive strength [39] . As the fine gangue content increased from 40% to 60%, the strengths of the CGB samples of 3 and 28 days decreased from 1.7 and 5.73 MPa to 1.28 and 5.04 MPa corresponding to about 24.7% and 12% losses of strength. This is because the more products which covered the gangue particles surface exceed a threshold (Figure 4) , which is not in favor of bonding with interspace between adjacent fine gangue grains. The rough and angular nature of fine gangue affects the compaction of the mixes in the fresh state. Torkittikul and Chaipanich [40] explained that the decrease in strength when using fine gangue content at 40-60% of the total gangue by weight may be due to the difficulty in the compaction of the harsh mortar. The mechanical behaviour is taken into account; the optimum 40% fine gangue content is used in CGB. Figure 8 shows the relationship between resistivity and fine gangue content after curing for 3 d and 28 d when the voltage was 1 V and the frequency was 100 Hz. Figure 8 (a) shows that, with the increase in fine gangue content, the resistivity also increased after curing for 3 d. Figure 8 (b) indicates that increasing fine gangue results in the reduction of resistivity in CGB samples after curing for 28 d. The resistivity of the gangue was measured to be 1 × 10 7 Ω⋅m, which is far greater than the resistivity of the measured CGB samples. The presence of gangues in the CGB matrix has two opposite effects on the transport properties [41] . The dilution and tortuosity effects reduce CGB permeability while the interface transition zone (ITZ) and percolation effects increase permeability (Figure 9 ). In addition, the diffusivity of CGB on pore structure can attribute to the effect of capillary porosity and connectivity of these capillary pores. Therefore, the resistivity of the CGB is related to the porosity, the pore-size distribution, the ion concentrations, and the ITZ effect [42] [43] [44] .
Effect of Fine Gangue Content on the Resistivity of CGB.
After curing for 3 d, with the increase in fine gangue content, the concentrations of the ions in the pore solution decreased, which caused the decrease in the current transport capacity of the solution, and the current transport in the pore structure became more difficult, which caused the increase in resistivity. After curing for 28 d, because of the increase in the concentrations of the ions in the pore solution, the current transport capacity of the solution increased, which caused the decrease in resistivity. The pore structure had a limited impact on the resistivity of the CGB sample. However, when the gangue size decreased under a constant volume, the porous interfacial transition zone (ITZ) content would increase. The ITZ and percolation effects increase the CGB permeability; moreover, ions transport will be significantly enhanced [45] .
Relationships between Compressive Strength and Resistivity.
The raw materials used in CGB of the present study resemble those used for concrete. However, the cement content for CGB is less than that for concrete, and the fine gangue for CGB acted as cementitious material and fine aggregate. As shown in Figures 7 and 8 , the resistivity and strength of the tested CGB changed with increase in fine gangue content. The resistivity of the CGB is related to the porosity, pore-size distribution, ion concentration, and ITZ effect. At 3-day curing time, there were high porosity and much water in the pore space of CGB samples, which minimized the effect of ITZ on the current flow. The decreasing ion concentration (Table 4) and porosity with increase in fine gangue content might be the main cause for the increasing resistivity (Figure 8(a) ), as the electrical resistivity of CGB is related to the porosity and the ions concentration of the pore solution. At 28 days, the degree of CGB saturation was lower than CGB saturation at early stage. The resistivity of CGB was influenced by the ions concentration of pore solution and ions transport channels. Ions transport channels consisted of pore structure and ITZ, the pore structure for MIP exhibits a statistical gradient of bulk paste of CGB which is outward from the actual paste-aggregate interface, and the effects of the ITZ are that the movement of water and ions through the "ITZ paste" is much more rapid than through the "bulk paste" [46] . In short, the ITZ would be the main factor on ions transport ( Figure 9 ). With fine gangue content, the ITZ content increased and the fine gangues tended to be closely spaced so that the adjacent ITZs overlap in space. In addition, the ions concentration of pore solution increased with fine gangue content ( Table 4) . As a result, the capacity of ions transport was significantly enhanced and resistivity of CGB was decreased. The factors influencing the compressive strength include interfacial zone, porosity, hydration, and content of pozzolanic reaction products. Increasing fine gangue content from 20% to 40% leads to a low porosity and many reaction products. This improves the CGB compaction and enhances the bonding formation between the gangue particles, causing increase in compressive strength. With further increase in fine gangue content from 40% up to 60%, the reaction products could not cover the surface of fine gangues, leading to reduction of bonding between gangue particles. This caused a reduction of compressive strength.
According to Wei et al. [20] , Lübeck et al. [21] , and Ferreira and Jalali [22] , there is a linear relationship between compressive strength and concrete resistivity when concrete mixtures are made with the same cementitious materials. This is because both compressive strength and electrical resistivity are dependent on the continuous hydration of cement. In this study, however, there exists no sensible correlation between compressive strength and CGB resistivity as shown in Figure 10 . On one hand, the compressive strength of CGB was influenced by reaction products, porosity, and surface of gangues. On the other hand, the resistivity of CGB was affected by ions concentration of pore solution and ITZ effects. The above two sides do not work in the same direction during CGB curing periods. This may be the reason for the concave patterns in Figure 10 . As there is no obvious correlation between the compressive strength and resistivity of CGB, it is thought not proper to use electrical resistivity as an indicator for evaluation of compressive strength of CGB in engineering practice.
Conclusions
In this study, the effect of fine gangue content on the strength, resistivity, and microscopic properties of CGB was evaluated. Based on the foregoing discussion, several main conclusions may be drawn as follows:
(1) The compressive strength of CGB increases with fine gangue content increasing up to 40%. After that finer gangue leads to decrease in the compressive strength. (2) At 3 days of curing time, an increasing trend of CGB resistivity was noted with increase in fine gangue content, which could be attributed to the denser pore structure and higher ions concentrations of pore solution. (3) At 28 days, the resistivity of CGB decreased with increase in fine gangue content, which may be attributed to the enhanced interfacial transition zone and ion concentration of pore solution. (4) The nonlinear correlations between resistivity and compressive strength of CGB indicate that it is not proper to use the former to estimate the latter. This is different from what have been found in concrete study, where compressive strength seems proportional to resistivity. The fine gangue works not only as aggregates but also as cementitious materials in CGB. It influences not only the ITZ but also the ion concentration and content of chemical reaction products. The unbalanced change of these three with fine gangue content finally leads to a concave-shaped correlation between compressive strength and the resistivity of CGB.
